Background: Pregnancy and pregnancy loss may be linked to cardiovascular disease (CVD). However, the evidence is still inconsistent, especially in East Asians, whose reproductive patterns differ importantly from those in the West. We examined the associations of pregnancy, miscarriage, induced abortion, and stillbirth with CVD incidence among Chinese women.
Background
Pregnancy poses a substantial challenge to the cardiovascular system of the mother [1] [2] [3] , with most, but not all, studies suggesting that the number of pregnancies is positively associated with maternal risk of cardiovascular disease (CVD) [4] [5] [6] . Globally, pregnancy loss is common -up to 20% of pregnancies end in a miscarriage [7] , 35 induced abortions occurred annually per 1000 women aged 15-44 years worldwide in 2010-2014 [8] , and an estimated 2.6 million stillbirths occurred in 2015 [9] . Several behavioural, biological, and socioeconomic factors related to pregnancy loss are also involved in the aetiology of CVD. However, despite possible shared aetiology, the long-term effects of miscarriage, induced abortion, and stillbirth on risk of CVD remain uncertain.
A history of miscarriage or recurrent miscarriage has been linked to a higher risk of coronary heart disease (CHD), but not stroke, in previous studies, yet small study sizes, retrospective design, and inadequate adjustment for confounding factors hamper definitive conclusions [10] . Evidence relating induced abortion or stillbirth to CVD is scant and, where available, primarily comes from Western populations [11] [12] [13] . Examination of cardiovascular implications of pregnancy and pregnancy loss is particularly relevant to China, where the incidence of CVD is rising and reproductive patterns have changed considerablynot only following the introduction of the one child per family policy in the late 1970s -yet remain importantly different compared to those in the West [14] .
We examined the association of pregnancy and pregnancy loss with risk of circulatory disease, CHD, and stroke, including its major subtypes, in women from the China Kadoorie Biobank (CKB) [15] , a contemporary prospective cohort study in ten geographically diverse regions in China.
Methods

Baseline survey
Detailed information about the design of, and procedures in, CKB has previously been reported [15] . Briefly, 302,669 women and 210,222 men were recruited from five urban and five rural areas of China between June 2004 and July 2008. At the study assessment clinics, trained health workers administered a laptop-based questionnaire on demographic and socioeconomic status, lifestyle factors, and personal and family medical history. This included women's reproductive factors, with information solicited on the number of pregnancies, miscarriages, induced abortions, and stillbirths. A range of physical measurements (e.g. height, weight, waist, blood pressure) were also taken using standard methods. A blood sample was collected for long-term storage and future analyses.
Follow-up for morbidity and mortality
Study participants were followed for cause-specific morbidity and mortality through linkage with regional disease and death registers and with the national health insurance (HI) system. Causes of death were obtained from official death certificates and were, where necessary, supplemented by reviews of medical records. Data linkage with HI agencies was carried out every 6 months to retrieve all coded hospitalised events occurring in that period for study participants. To minimise attrition, active follow-up was performed annually. The main disease endpoints, based on the tenth edition of the International Classification of Diseases (ICD-10), for the present study were incident CHD (ICD-10 I20-I25), stroke (I60-I61, I63-I64), and all circulatory diseases (I00-I99). Haemorrhagic stroke (I61) and ischaemic stroke (I63) were secondary endpoints. Participants contributed only the first outcome (whether non-fatal or fatal) experienced during follow-up.
Statistical analyses
The present analysis involves all women without a selfreported history of CHD or stroke at baseline (n = 289,573). Analyses on the association between pregnancy loss and CVD outcomes were restricted to women who had ever been pregnant (n = 282,797).
Baseline characteristics are presented as means (standard deviation) for continuous variables and as percentages for categorical variables. Cox proportional hazards models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for incident circulatory disease, CHD, and stroke by number of pregnancies, miscarriages, induced abortions, and stillbirths. The Cox proportional hazards assumption was checked using log cumulative hazard plots and appeared to be reasonable. All analyses were stratified by age at risk and area of residence and adjusted for highest level of education attained (none, primary, secondary, tertiary or above), household income (<5000 yuan, 5000-19,999 yuan, ≥20,000 yuan), smoking (current, former, never), alcohol use (weekly, occasionally, never), physical activity, systolic blood pressure (SBP), history of hypertension, body mass index (BMI), and history of diabetes at baseline. Analyses for miscarriage, induced abortion, and stillbirth were additionally adjusted for number of live births and, where appropriate, number of miscarriages, induced abortions, and stillbirths. For comparisons involving more than two groups, CIs were estimated using floating absolute risks [16] . In analyses restricted to women who had ever been pregnant, we estimated the HRs and CIs per additional pregnancy. Similarly, the HRs and CIs per additional miscarriage, induced abortion, or stillbirth were estimated among women who had experienced at least one miscarriage, induced abortion, or stillbirth. Subgroup analyses were conducted to obtain the HRs and CIs for incident circulatory disease, CHD, and stroke per additional pregnancy, miscarriage, induced abortion, or stillbirth by study region, age group, highest level of attained education, BMI, smoking status, history of diabetes, and history of hypertension. Separate models were fitted within each subgroup and tests for heterogeneity and trend were used to test for differences between subgroups. The heterogeneity test tests the null hypothesis that the coefficients of the variable of interest are zero for all subgroups against the alternative that at least one of them is not. The test statistic has a chisquared distribution because it is a sum of independent N(0, 1) variables, due to its use of floating standard errors. The trend test tests whether the (independent normally distributed) coefficients follow a linear trend, for which the test statistic has a chi-squared distribution with one degree of freedom under the null. Analyses were performed using SAS version 9.3 and R version 3.1.2.
Results
Overall, the mean baseline age was 57 years, and 99% of women had ever been pregnant (Table 1 ). Among those who had ever been pregnant, 10% had a history of miscarriage, 53% had a history of induced abortion, and 7% had a history of stillbirth. Although the baseline characteristics of women who had been pregnant only once were generally more favourable compared to those of women who had never been pregnant or who had been pregnant multiple times, stratification for age and study area largely attenuated these differences (Additional file 1: Table S1 ). Women with a history of miscarriage had a lower prevalence of induced abortion or stillbirth compared to women without a history of miscarriage (Additional file 1: Table S2 ). Women with a history of induced abortion had a lower prevalence of miscarriage or stillbirth compared to women without a history of induced abortion (Additional file 1: Table S3 ). The prevalence of miscarriage was higher and the prevalence of induced abortion was lower among women with a history of stillbirth compared to women without a history of stillbirth (Additional file 1: 
Pregnancy and CVD risks
There was no difference in the risk of circulatory disease comparing gravid women to nulligravid women; adjusted HR (95% CI) 0.98 (0.89; 1.07). However, in gravid women, there was a log-linear association between the number of pregnancies and the risk of circulatory disease (Table 2 and Additional file 1: Figure S1 ), with adjusted HRs of 1.00 (0.96; 1.04), 1.07 (1.04; 1.09), 1.10 (1.08; 1.12), 1.13 (1.11; 1.15), and 1.19 (1.16; 1.22) for one (reference group), two, three, four, and five or more pregnancies, respectively. This dose-response relationship was consistent between women from rural and urban areas (Fig. 1 ). Each additional pregnancy was associated with a 1.03 (1.02; 1.04) higher risk of circulatory disease, with some indication of stronger effects among ever smokers or those with a history of hypertension (Fig. 2 ). Findings were similar in the analyses for CHD, (Table 2 and Additional file 1: Figure S1 ).
The HR of circulatory disease for each additional miscarriage was 1.04 (1.00; 1.09), with little evidence of differences between subgroups of populations (Fig. 3) . The strength of the association between miscarriage and risk of CHD and stroke was similar in direction, yet stronger in magnitude for CHD compared to that for stroke and total circulatory disease ( Table 2 and Additional file 1: Figure S2 ). The HRs for CHD and stroke per additional miscarriage were 1.07 (1.01; 1.14) and 1.04 (0.98; 1.10), respectively, and were broadly consistent across different subgroups (Additional file 1: Figure S4 ). Analyses by HRs are stratified by age and study area, and adjusted for level of attained education, household income, smoking status, alcohol use, systolic blood pressure, history of hypertension, physical activity, body mass index, and history of diabetes. Analyses for miscarriage, induced abortion, and stillbirth were additionally adjusted for number of live births, and where appropriate, number of miscarriages, induced abortions, and stillbirths.
a Analyses are restricted to women with at least one pregnancy, miscarriage, induced abortion, or stillbirth, respectively. Analyses are restricted to women with at least one pregnancy stroke subtype showed that the association was predominantly driven by a higher risk of haemorrhagic, but not of ischaemic, stroke (Additional file 1: Table S5 ).
Induced abortion and CVD risks
Compared to women who had never had an induced abortion, women with a history of induced abortion had an adjusted HR of 1.04 (1.02; 1.07) for circulatory disease. There was a log-linear association between the number of induced abortions and the risk of circulatory disease; the HRs were 1.04 (1.02; 1.06) for one, 1.05 (1.02; 1.07) for two, and 1.09 (1.05; 1.13) for three or more induced abortions (Table 2 and Additional file 1: Figure S1 ). Corresponding HRs for CHD were 1.08 (1.05; 1.11), 1.13 (1.08; 1.18), and 1.14 (1.07; 1.21), while for stroke they were 1.04 (1.01; 1.06), 1.05 (1.01; 1.09), and 1.09 (1.04; 1.15). Adjusted HRs for each additional induced abortion were 1.02 (1.01; 1.04) for circulatory disease, 1.02 (1.00; 1.05) for CHD, and 1.03 (1.00; 1.05) for stroke, with little heterogeneity across different population subgroups (Fig. 3 and Additional file 1: Figure S5 ). Analyses by stroke subtype yielded similar findings for ischaemic stroke, but no associations were found for haemorrhagic stroke (Additional file 1: Table S5 ).
Stillbirth and CVD risks
A history of stillbirth was associated with a higher risk of circulatory disease (1.07, 1.03; 1.11) and stroke (1.06, 1.00; 1.12), yet there was no apparent association with CHD (1.00, 0.94; 1.07) ( Table 2 ). The HR for circulatory disease associated with the number of stillbirths was 1.05 (1.01; 1.09) for one, 1.12 (1.04; 1.21) for two, and 1.13 (1.01; 1.28) for three or more stillbirths (Table 2 and Additional file 1: Figure S1 ). The corresponding HRs for CHD were 0.96 (0.90; 1.02), 1.07 (0.94; 1.22), and 1.29 (1.08; 1.54) ( Table 2 and Additional file 1: Figure S2 ). There was no clear dose-response association between the number of stillbirths and stroke (Table 2 and Fig. 1 ). The HRs associated with each additional stillbirth were 1.04 (1.00; 1.08) for circulatory disease, 1.13 (1.06; 1.20) for CHD, and 1.02 (0.96; 1.08) for stroke. Analyses by stroke subtype yielded broadly similar patterns for ischaemic stroke but somewhat stronger associations for haemorrhagic stroke (Additional file 1: Fig. 1 Adjusted hazard ratios (95% confidence intervals (CIs)) for incident circulatory disease associated with number of pregnancies and pregnancy losses. Analyses are stratified by age at risk and study area and adjusted for level of attained education, household income, smoking status, alcohol use, systolic blood pressure, history of hypertension, physical activity, body mass index, and history of diabetes. Analyses for pregnancy loss are additionally adjusted for number of live births. The hazard ratios are plotted on a floating absolute scale. Each square has an area inversely proportional to the standard error of the log risk. Vertical lines indicate the corresponding 95% CIs. Analyses for pregnancy loss are among women with at least one pregnancy Fig. 3 Adjusted hazard ratios for incident circulatory disease per additional miscarriage (left) and stillbirth (right) by baseline characteristics. Adjustments are as in Table 2 . Each square has an area inversely proportional to the standard error of the log risk. The diamond indicates the overall risk of circulatory disease per additional miscarriage and stillbirth and its 95% CI. Analyses for miscarriage and stillbirth, respectively, are among women with at least one miscarriage or at least one stillbirth Fig. 2 Adjusted hazard ratios for incident circulatory disease per additional pregnancy (left) and induced abortion (right) by baseline characteristics. Adjustments are as in Table 2 . Each square has an area inversely proportional to the standard error of the log risk. The diamond indicates the overall risk of circulatory disease per additional pregnancy and induced abortion and its 95% CI. Analyses for pregnancy and induced abortion, respectively, are among women with at least one pregnancy or at least one induced abortion Table S5 ). There were no material differences across population subgroups in the association between each additional stillbirth and the risk of circulatory disease, CHD, or stroke ( Fig. 3 and Additional file 1: Figure S6 ). Analyses stratified by age at risk and study area only yielded similar results compared to those from the main analyses for all comparisons (Additional file 1: Tables S5 and S6) .
Discussion
This large study of almost 300,000 women in China provides a comprehensive assessment of the relationships of pregnancy, pregnancy loss, and CVD incidence in later life. There was a J-shaped relationship between the number of pregnancies and CVD, with women who had never been pregnant or with multiple pregnancies being at a higher risk of CVD, compared with those who had been pregnant once. Furthermore, a history of miscarriage, induced abortion, and stillbirth each were associated with a higher risk of CVD. Although the strength of the relationships varied between types of pregnancy loss, the relationships generally became stronger with recurrent pregnancy loss. These results were not accounted for by adjustment for a range of potential confounders, and they were broadly consistent across major demographic and clinical subpopulations.
Previous studies of mostly Western populations have provided inconclusive evidence on the association between pregnancy loss and CVD risk, which may in part be limited by retrospective design, small study sizes, different exposure definitions, and varied levels of adjustment [11] [12] [13] [17] [18] [19] . A meta-analysis of ten cohort and case-control studies reported that women with a history of miscarriage are at a 45% higher risk of CHD, compared to women who have not experienced miscarriage; recurrent miscarriage was associated with a twofold risk of CHD [10] . No association was found between a history of miscarriage and future stroke. A large-scale population-based study among more than one million women in Denmark found that a history of miscarriage was associated with an about 15% higher risk of myocardial infarction and stroke, and the associations were stronger in women with repeated miscarriages [13] . Moreover, a study among 60,105 women in Scotland reported that miscarriage, but only when consecutive, was associated with a higher risk of CHD but not of stroke; HRs for CHD were 1.75 for two and 3.18 for three or more consecutive miscarriages, respectively [20] .
This study concurs with previous findings and shows reliably that the risk of circulatory disease, CHD, and stroke is higher with increasing number of miscarriages. Prospective evidence on the relevance of stillbirth for the long-term risk of CVD outcomes is scarce. However, studies generally direct towards a positive relationship [12, 13, 19, 20] , particularly for CHD, with adjusted HRs for CHD ranging from 1.25 among 78,000 women in the Women's Health Initiative [19] to 3.5 among 11,500 women from the EPIC-Heidelberg cohort [12] . The only study so far in a Chinese population found no evidence of a relationship between the number of miscarriages or stillbirths and the risk of coronary or stroke death, although the small number of events limited reliable assessments of these relationships [11] . The present study included a much larger number of well-characterised incident CVD events than any of these previous studies, and hence considerably expands previous findings by providing a detailed picture of the relevance of miscarriage and stillbirth on the risk of CVD in a contemporary population of Chinese women.
Miscarriage and stillbirth may be aetiologically linked to CVD through an underlying vascular pathology, particularly endothelial dysfunction, that could contribute to poor placental function during pregnancy, resulting in pregnancy loss and a higher risk of CVD [21, 22] . Indeed, a previous small-scale study reported that women with a history of recurrent pregnancy loss had more severe endothelial dysfunction compared to women who experienced uncomplicated pregnancies [22] . Autoimmune disorders, including the antiphospholipid syndrome and systemic lupus erythematosus [23, 24] , are commonly implicated in the occurrence of miscarriage and stillbirth. Hence, it may be that systemic inflammatory processes associated with autoimmune conditions and the progression of atherosclerosis lead to endothelial dysfunction and, in turn, increase the risk of both pregnancy loss and CVD [25] . A genetic predisposition might be involved, as parents of women who experienced recurrent miscarriage are more likely to experience CHD compared to parents of women without such a history [26] . Factor V Leiden or prothrombin gene mutations considerably increase the risk of abnormal placentation and recurrent miscarriage, and may predispose carriers to thrombotic disease in later life [27, 28] .
Research on the health sequelae of induced abortion has primarily focussed on the risks of adverse obstetric or perinatal outcomes in subsequent pregnancies. For example, induced abortion might increase the risk of low birth weight and preterm birth [29] , which has been linked to maternal CVD risk in later life in several studies [30, 31] , even after accounting for socioeconomic factors, smoking, and pregnancy-related complications [32] . Conversely, a history of induced abortion has been associated with a lower risk of preeclampsia in subsequent pregnancies [33, 34] , which is in accordance with the protective effects of a previous birth on preeclampsia risk in later pregnancies [35, 36] , but at odds with the higher risk of cardiometabolic outcomes seen among women with a history of preeclampsia [37] . We report a graded relationship between the number of induced abortions and risk of CVD outcomes, which is in contrast with findings from previous studies that found no evidence for such a relationship [11, 12] .
The present study has a number of strengths, including a large sample size, prospective design, and ability to adjust for a range of potential confounders. The generalisability of our findings was enhanced by the inclusion of women from ten diverse areas in China. While our findings were robust and consistent in a comprehensive series of analyses, the effect sizes of some estimates were small and may be subject to unmeasured or residual confounding, particularly those related to physiological, cultural, or socioeconomic factors underlying the number of pregnancies and pregnancy losses. Future Mendelian randomisation studies might help to assess the causality of our findings. Furthermore, pregnancies and pregnancy losses were self-reported and, for some women, solicited several years after their reproductive age. For example, miscarriages early in pregnancy are often silent and may have been underreported. This could have led to measurement error, which, if random, would have underestimated the true strengths of the observed associations. Data on the sequence and spacing of pregnancies and pregnancy losses across the reproductive life span were not available. Nevertheless, analyses adjusted for the total number of pregnancies and pregnancy losses throughout the reproductive lifespan or restricted to women who had reported exclusively on one type of pregnancy loss yielded virtually identical results, as in previous studies [20] . Finally, our study did not collect data on CVD risk factors either before or during pregnancy that might determine pregnancy loss as well as future CVD risk. For example, women with pre-existing or pregnancy-induced conditions such as type 1 diabetes, gestational diabetes, gestational obesity, preeclampsia, or polycystic ovary syndrome might be more likely to experience pregnancy loss than women without these risk factors.
Conclusions
In conclusion, increases in pregnancy, and a history and recurrence of miscarriage, induced abortion, and stillbirth are each associated with a higher risk of CVD outcomes in Chinese women. Further studies are needed to elucidate the physiological, behavioural, and socioeconomic factors involved. If causal, more frequent screening and timely intervention might help to delay or prevent the onset of CVD among women with large numbers of pregnancies or recurrent pregnancy loss.
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